c-coated particles from the pH 10.1 solution, which maintain a uniformly dispersed spherical shape (Figure 2B) .
SPR Signal Change of Protein-Coated Au Films
For comparison, we designed a similar experimental system with a Cyt c layer bound to an Au film and used a commercial SPR sensor (Spreeta, Texas Instruments, Dallas, TX) to monitor changes of RIs in the protein layer as a function of the pH of the solution that flowed over the surface (described in Experimental Procedures). The RIs for bare Au increase from 1.33304 to 1.33316 with increasing pH while those for Cyt c-Au decrease from 1.33858 to 1.33810 as shown in Figure  3A . The RI change for bare Au (circles in Figure 3A ) results from the RI differences among the pH-controlled solutions, which were set by either sodium hydroxide (NaOH, Mallinckrodt) or hydrochloric acid in deionized water. Assembly of the Cyt c layer under neutral pH conditions results in an RI jump from 1.333 to 1.338. In addition, the RI difference at low pH versus high pH for the assembled monolayer (squares in Figure 3A ) is enhanced 3.5 times more than the RI difference for bare Au (circles in Figure 3A) , and the RI decreases with increasing pH. These two trends strongly suggest conformational changes in the protein layer and lend credence to the assumption that the pH-mediated heme ligation equilibrium occurs in Cyt c on an Au surface in the same manner as in bulk solution.
The reversibility of the pH-driven RI change was tested for the Cyt c-Au SPR surface. Solutions at pH 4 and pH 10.7 were passed over the surface repeatedly. between solution injections. The signal tail after each injection of high pH solution indicates that the rate of The Cyt c-coated particles at low pH become more unfolding is faster than that of folding, perhaps bedilute over time and eventually precipitate after 24 hr.
cause of the competition between the N-terminal amino Those at a pH value of 6.2 or greater stay in solution group and a histidine for heme ligation [11] . Neverthefor longer than one week ( Figure 1C) . Figure 2 presents less, the Cyt c molecules return perfectly to their folded transmission electron microscopy (TEM) images taken state after each cycle. of Cyt c-coated particles from pH 4 and 10.1 solutions after each solution has been allowed to stand for more Theoretical Consideration about Conformational than 24 hr. The Cyt c-coated particles from the pH 4
Change of Cyt c on Au Surfaces solution appear in a clump (Figure 2A) , having appaThe optical properties of nanoparticles can be described using Mie scattering theory [21] . For a coated rently aggregated to a much greater extent than Cyt the protein complicates estimation of these parameters. Instead, we interpreted the phenomenon with angle-resolved SPR data obtained after coating the protein on an Au film.
We prepared the Au surface and measured angle- ( (e 2 − e m )(e 1 + 2e 2 ) + f(e 1 − e 2 )(e m + 2e 2 ) (e 2 + 2e m )(e 1 + 2e 2 ) + f(2e 2 − 2e m )(e 1 − e 2 ) )
, (1) layers 0, 1, and 2 were obtained from the literature [24], and that of the fourth layer was calculated from the RI data of each pH solution (circles in Figure 3A ). Using where ⑀ 1 , ⑀ 2 , and ⑀ m are the complex dielectric functions of the particle core, the surface coating, and the methese parameters as an initial starting condition, d 1 , d 2 , d 3 , ⑀ 2 #, ⑀ 2 $, ⑀ 3 #, and ⑀ 3 $ were calculated by optimizing dium, respectively, and f, r, and λ represent the fraction of the total particle volume occupied by the core, the the simulated line fits to the experimental data with an iteration method in Winspall (Fresnel equation solver, particle radius, and the wavelength of the incident light, respectively. The calculation of Q ext for the coated nano-MPIP, Germany). Figure 4 shows curves fitted to the experimental data under each condition, and the estiparticles requires information about the dielectric constants of the Cyt c layer (⑀ 2 ) at each wavelength of incimated parameters are listed in Figure 1B , and this big difference is acAu nanoparticles are in a folded state and they do not counted for by particle aggregation.
aggregate. In this pH region, the two data sets follow Particle aggregation is seen as a red shift in the color the same line. Near pH 7, particle aggregation by unof a Au nanoparticle solution arising from the formation folded proteins on nanoparticles starts to occur but of absorption bands in the extinction spectrum at long lone particles dominate in the solution. Since the abwavelengths. These absorption bands are caused by sorption peak for lone particles overlaps the absorption electric dipole-dipole interaction and coupling between peak from the aggregated particles in this region, the plasmons of neighboring particles inside the aggrerecorded λ max value remains close to the lone particle gates, provided that the interparticle distance inside absorption peak value. As the pH decreases and more the aggregate is smaller than the particle diameter. (CM20 FEG-TEM, Philips) . In the procedure, any H 2 O used was purified to more than 18 M⍀ using a Milli-Q water system (Millipore). 
Preparation of Cyt c-Coated Gold Nanoparticles

